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50 years: Wilson LQCD(1970) to Exascale (2023)

 roughly                 per decade in hardware   
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 All  numerical predictions from Quantum Field Theory require “Algorithms”
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Status approaching  Exascale

high precision due  in  “equal parts”  
advances in hardware/software 
advance in algorithms and theory

Acceleration for statistical independent gauge configuration 
Combinatoric for  multi-quark graphs. 
Solvers for 3 Dirac discretization: 

  Wilson, Staggered and  Domain Wall (extra 5th dimension)

LQCD now provides ab initio test the Standard Mode

The Exascale Computing Project (ECP) gives crucial support to



Virtuous Cycle: 
Hardware Advance  <==> Algorithms Advances
Increased Resolution causes “critical slowing down”  
BUT also  expose new scale for algorithms to exploit  

Vacuum Scale Confinement Scale 

Quark Mass probes 

Chiral effective theory

Heavy quark  effective theory



One Example of Precision QCD: CKM Matrix
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FIG. 3. The smallest and least well known element of the CKM quark mixing matrix is Vub. As
illustrated here with the history of the values reported by the Particle Data Group [37], there
is a long-standing tension between two di↵erent methods of extracting |Vub|: “exclusive”, which
combines measurements of the B ! ⇡`⌫̄ decay rate with lattice QCD calculations, and “inclusive”,
where the sum of the decay rates to all possible up-flavored hadrons in the final state is used.

to that side. The width of the yellow circle is presently dominated by the uncertainty in
|Vub|, which is extracted primarily from semileptonic B meson decays. For |Vub|, there is a
long-standing tension between determinations from B ! ⇡`⌫̄, where the calculation is done
using lattice QCD and determinations from an inclusive sample of final states (see Fig. 3).
The related CKM matrix element |Vcb| enters in the normalization of the triangle and is
currently also the dominant source of uncertainty in the constraint labeled “✏K” [38] in
Fig. 2. The Belle II experiment will provide 1%-level uncertainties for the decay rates used
to determine |Vub| and |Vcb|, and it is imperative to match these uncertainties with future
lattice QCD calculations. The LHCb experiment can also determine |Vub/Vcb|, in particular
using ⇤b baryon [39] and Bs-meson decays. As lattice calculations of K ! ⇡⇡ mature, the
resulting constraints will allow for an additional horizontal band to be added to the CKM
unitarity plot.

The CKM unitarity fit shown in Fig. 2 only includes the processes that are well suited
to constrain a specific side length or angle of the triangle. There are, however, other types
of decays of b quarks that currently show significant deviations from the Standard Model.
One class of decays showing such deviations involves the transition of a bottom quark to a
charm quark, tau lepton, and neutrino [12, 40], as summarized in Fig. 4 (left). The second
class of decays with deviations observed involves the loop-induced (in the Standard Model)
transition of a bottom quark to a strange quark and a pair of muons or electrons [11, 41],
as shown in Fig. 4 (right). In both cases, the experimental results seem to suggest that the
di↵erent types of leptons in nature (electrons, muons, and taus) do not interact in a universal
way as predicted by the Standard Model. If it can be confirmed that these deviations
are not caused by errors in the experimental measurements and/or theoretical calculations
the implications will be profound (many theorists are already constructing models of new
fundamental physics to explain the observations; see, e.g., Ref. [14]). The Belle II and LHCb
experiments will provide much-higher-precision measurements of the processes analyzed here
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• Single complex phase of CKM matrix only source 
of CP violation in the SM. 


• All curves must intersect at apex of unitarity 
triangle


• Experiments LHCb, Belle II, BESIII, KOTO, NA62,
… to test whether all can be explained by single 
unitary matrix. 

• Discrepancy between exclusive                
and inclusive determinations of   |Vub|

B → πℓν̄

|Vub| dominates uncertainty

|Vcb| dominates uncertainty

Belle II will provide 1% measurements of 
decay rates for |Vcb| and |Vub|. Must be 
matched by lattice calculations

neutral B meson  mixing

• Interesting ideas for inclusive on lattice



One Example: Multigrid Solvers

Wilson MG began in                                 1990  
First successful adaptive approach           2010 
WilsonIntegration in HMC evolution 2015-2020 
 Staggered first success in                       2018 
Domain Wall very active research     2019- 2020

Gauge Covariant Adaptive Multigrid 

Machine Learning: The computer discovers  MG the 
coarse scale operators adapted to  the gauge background

2010 2016

MG solvers required long term commitment: 
Sustained Effort for 30 years continues 

fine operator

coarse operator



BSM Gauge Theories for Higgs or Dark Matter

Framework to Change  Gauge and Fermion Reps

Better Algorithms near  Conformity with divergent 
scales 

Exploit and Extend lattice QCD Algorithms 



Curved Riemann (Simplicial)  Lattices:   CFT on the Boundary of  Anti-deSitter Space.
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Auto-tuning & Machine Learning  

Under ECP very substantial progress is  being achieve to reduce  
 Critical slowing down in lattice evolution. 

Very important to continue post ECP to explore large  landscape of 
      methods: Fourier acceleration,  Riemann Manifolds  etc. 

Machine Learning is being pursed but the  cost step to enforce an unbiased   
estimator is still  a major challenge.  

 

Complexity of  algorithms  and  target architecture   
              outstripping  “by hand parameter optimization” . 

Algorithms are introducing 100s  parameter to map algorithms to highly complex memory hierarchies. 

CUDA library for NVIDIA GPUs autotunes each  GPU 

Autotuning across the full software stack is important.

Accelerating the Monte Carlo evolution is central challenge.

Auto tuning of control parameters is one software solution.



Recommendations beyond ECP

 See recommendations “ECP/Transitions” ASCAC subcommittee chaired by Prof. Roscoe Giles of 
Boston University provide a crucial template to sustain lattice field theory beyond 2023. 
 https://science.osti.gov/-/media/ascr/ascac/pdf/meetings/202001/EXASCALE_Transition_Presentation.pdf?

Key recommendations from ECP/Transition ASCAC report

Recommendation A.3. “Collaborative application  support” “Transition ECP application into SciDAC-like … 
joint funding from ASCR and application home organizations”.  Past SciDAC program was critical to create 
components of current LQCD codes. 

Recommendation C.2. “Retain the current workforce”  

Recommendation C.3. “Strengthen ties to universities and the ecosystem” Here “ecosystem” refers to 
software technology experts and vendor system engineers. Universities are the pipeline for providing the 
young talent needed to sustain the software effort.  

Recommendation C.4. “Create career paths for scientific software professionals” For Lattice QCD, lab 
professionals at ANL, BNL, Fermilab, and JLab have been the backbone for expertise and continuity in 
LQCD software development. 

https://science.osti.gov/-/media/ascr/ascac/pdf/meetings/202001/EXASCALE_Transition_Presentation.pdf?
https://science.osti.gov/-/media/ascr/ascac/pdf/meetings/202001/EXASCALE_Transition_Presentation.pdf?

